Introduction {#sec1}
============

Mesoporous silica is of interest for a variety of different technologies because it offers a high thermal stability^[@ref1]^ accompanied by a very large accessible surface.^[@ref2],[@ref3]^ Due to a high concentration of surface species, further functionalization can be easily implemented. Therefore, mesoporous silica hybrid materials have garnered significant attention in biosensing applications or drug release systems, for example. Other applications are catalysis, sensor technology, photocatalysis technology, water filtration or separation, and energy storage or conversion.^[@ref4]−[@ref11]^

Generally, mesoporous silica is obtained by soft templating using surfactants or block copolymers (BCPs) as structure-directing agents. In general, BCPs are capable of self-organization and are excellent materials for the design of tailor-made nanostructures in the bulk state or in selective solvents.^[@ref12]−[@ref14]^ In the case of soft templating methods based on BCP self-assembly in combination with silica precursors, the BCPs can be removed by calcination or chemical extraction. As a result, highly ordered and porous inorganic or hybrid materials can be obtained. Therefore, mesoporous films are synthesized by evaporation-induced self-assembly (EISA), which was first investigated by Brinker et al.^[@ref15]^ Since the first scientific report, many different surfactants have been described, and a variety of functional and stimuli-responsive BCPs are known for the formation of (meso)porous materials.^[@ref16]−[@ref23]^ Currently, a variety of mesoporous films are routinely fabricated using surfactant-templated materials.^[@ref22],[@ref24]^ Surprisingly, the design of BCPs and their intrinsic capability for the formation of highly ordered structures have not been systematically studied for the preparation of functional templates that enable in situ functionalization using EISA.

Although EISA produces silica films with tailored micro- and mesostructures, the preparation of functionalized mesoporous materials currently represents a multistep synthesis approach.^[@ref25]^ To synthesize functionalized mesoporous silica films, co-condensation of functional organosilanes during EISA or postgrafting of functional organosilanes is applied and, often, followed by subsequent polymerization strategies.^[@ref3],[@ref4],[@ref26]^ A disadvantage of postgrafting methods is that inhomogeneities for the obtained surfaces may occur.^[@ref8]^ For example, the pore entrance can reveal a higher degree of functionalization than areas that are located in the interior of the pores. On the other hand, functionalization strategies, especially involving small hydrophilic molecules, e.g., aminopropyltriethoxysilane (APTES), have been successfully demonstrated using co-condensation. As a major drawback of this route, the mesoporous structure is usually affected;^[@ref3]^ also, the introduction of hydrophobic precursor molecules is difficult and limited to relatively low amounts.^[@ref8]^ Upper limit organosilane ratios of up to 40 mol % are reported under ideal conditions.^[@ref26]^ In addition to small molecules, the polymer functionalization of mesopores is of special interest with respect to tailoring mesopore characteristics. A prominent example is the gating of mesopore transport based on functional polymers.^[@ref27]−[@ref30]^ In this context, grafting from stimuli-responsive polymers has attracted enormous attention in the recent past, resulting in mesopores changing their charge or wettability upon a certain stimulus.

A plethora of stimuli-responsive mesopores have been reported that show transport in response to all well-known triggers, such as temperature, pH, solvent, ions, and light.^[@ref30]−[@ref32]^ In addition to these classical stimuli, redox-responsive polymers are very interesting due to their ability to simultaneously change the charge and wettability of a mesopore by reacting with an oxidizing or reducing agent or by application of an electric current.^[@ref28],[@ref33]^ Despite the responsive transport characteristics of these polymer functionalized mesopores, these materials were prepared using a multistep grafting-from approach.^[@ref34]−[@ref37]^

Because of their excellent redox-active, semiconductive, photophysical, optoelectronic, and mechanical properties and the ability to prepare advanced (magnetic) ceramics, metal-containing polymers, also referred to as metallopolymers, have attracted significant interest as a platform for novel functional materials.^[@ref38]−[@ref40]^ In the recent past, metallopolymers containing the ferrocene/ferrocenium redox couple have attracted significant interest due to the unique capability of (electro)chemical switching between hydrophobic ferrocene and comparably hydrophilic ferrocenium moieties. The functionalization of mesoporous ceramic films or paper with ferrocene-containing polymers induces switching of water imbibition based on changes between wetting states.^[@ref28],[@ref41]−[@ref46]^ To the best of our knowledge, metalloblock copolymers for the in situ functionalization of silica-based mesopores have not been investigated in more detail.

Herein, we report the synthesis of amphiphilic polystyrene-*b*-poly(2-vinylpyrindine) (PS-*b*-P2VP) and polyferrocenylsilane-*b*-poly(2-vinylpyrindine) (PFS-*b*-P2VP) BCPs by living anionic polymerization. The pronounced microphase separation capability for these amphiphilic metal-containing BCPs is investigated as a functional template for the preparation and in situ functionalization of silica mesoporous films. End-functionalized BCPs featuring triethoxysilane groups are studied with respect to their feasibility for a co-condensation approach via EISA. Moreover, the prepared polymer--silica hybrid films are investigated with respect to the ionic permselectivity in dependence on pH value variations that are based on the stimulus responsiveness of the P2VP block segment.

Experimental Section {#sec2}
====================

Reagents {#sec2.1}
--------

All of the solvents and reagents were purchased from Alfa Aesar (Haverhill, MA), Sigma-Aldrich (St. Louis, MA), Fisher Scientific (Hampton, NH), and ABCR (Karlsruhe, Germany) and used as received, unless otherwise stated. Tetrahydrofuran (THF) was distilled from sodium/benzophenone under reduced pressure prior to the addition of 1,1′-diphenylethylene (DPE) and *n*-butyllithium (*n*-BuLi) followed by a second distillation. Styrene and 2-vinylpyridine were dried by stirring over calcium hydride or trioctylaluminium and distilled prior to use. The 1,1′-dimethylsilaferrocenophane (FS) was synthesized and purified as described elsewhere.^[@ref47]^ Lithium chloride was dissolved in a small amount of purified THF and placed into an ampule. After removing the THF in vacuum, the ampule was carefully heated in a high vacuum, refilled with nitrogen and stored in a glovebox. 1,1′-Diphenylethylene (DPE) was distilled after titration with *n*-BuLi from the solution. 1,1′-Dimethylsilacyclobutane (DMSB) and silicon tetrachloride were stirred over CaH~2~ and distilled. All syntheses were carried out under a protective atmosphere of nitrogen using Schlenk techniques or a glovebox equipped with a Coldwell apparatus.

NMR {#sec2.2}
---

NMR spectra were recorded with a Bruker DRX 500 NMR (Billerica, MA) or with a Bruker DRX 300 spectrometer working at 500 or 300 MHz (^1^H NMR), respectively.

Standard Size-Exclusion Chromatography (SEC) {#sec2.3}
--------------------------------------------

Size-exclusion chromatography (SEC) was performed using a system composed of a 1260 IsoPump (G1310B, Agilent Technologies, Santa Clara, CA), a 1260 VW detector at 254 nm (G1314F, Agilent Technologies), and a 1260 RI detector at 30 °C (G1362A, Agilent Technologies) and THF as the mobile phase (flow rate 1 mL/min) on an SDV column set from PSS (Polymer Standard Service (PSS), Mainz, Germany) (SDV 10^3^, SDV 10^5^, and SDV 10^6^). The calibration was carried out using PS standards (from Polymer Standard Service, Mainz).

Infrared (IR) Spectroscopy {#sec2.4}
--------------------------

IR spectroscopy was performed on a Spectrum One instrument (PerkinElmer) (Waltham, MS) in attenuated total reflection (ATR) mode. The IR spectra were recorded from 4000 to 650 cm^--1^. The measured spectra were automatically background-corrected and normalized to the Si--O--Si band at ∼1070 cm^--1^.

Differential Scanning Calorimetry (DSC) {#sec2.5}
---------------------------------------

DSC was used to determine the thermal properties of the synthesized polymers with a Mettler Toledo DSC1 (Columbus, OH) over a temperature range from 100 to 180 °C at a heating rate of 10 K/min under a nitrogen atmosphere.

Thermogravimetric Analysis (TGA) {#sec2.6}
--------------------------------

TGA was applied by using a Mettler Toledo TGA-2 (Columbus, OH) at a heating rate of 10 K/min over a range from 30 to 600 °C in a nitrogen atmosphere or air.

Cyclic Voltammetry (CV) {#sec2.7}
-----------------------

CV measurements are performed with 1 mM solution of the respective probe molecule in an aqueous 100 mM KCl supporting electrolyte solution. The pH was adjusted with NaOH or HCl. An Ag/AgCl electrode was used as the reference electrode, and cyclic voltammograms at various scan rates between 25 and 1000 mV/s were recorded. The measured electrode area was 0.21 cm^2^.

Dynamic Light Scattering (DLS) {#sec2.8}
------------------------------

DLS results were obtained using a Zetasizer Nano ZS90 (Malvern, U.K.) by a cumulant fit (for all DLS data of the main manuscript), while for the determination of the CMC ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)), the DLS experiments were carried out with an apparatus based on a He--Ne laser (λ = 632.8 nm) as a light source. Polarization of the primary beam was defined by a Glan--Thomson prism. The scattered beam polarization was analyzed in a vertical--vertical geometry. The scattered intensity was detected with an optical fiber coupled with two avalanche photodiodes. The intensity autocorrelation functions, calculated with ALV 5000 software for both photodiodes, were measured in angular steps of 10°. All measurements were performed using cylindrical cuvettes (Hellma) for the samples in a temperature-controlled index matching bath. The intensity autocorrelation functions can be described by a stretched exponential decay (KWW-function)where *A* describes the amplitude of the process, τ is the correlation time and β is the stretching parameter, which corresponds to the polydispersity of the particles. For example, if β = 1, the particles are ideally monodispersed. The averaged correlation time is ⟨τ⟩ = τ/β × Γ(1/β), while Γ is the γ function, ⟨τ⟩ is related to the translational diffusion coefficient *D* by *D* = 1/(⟨τ⟩*q*^2^), and the scattering vector *q* can be calculated by *q* = 4π*n *sin(θ)/λ. In our case, *n* is the refractive index of ethanol and 2θ is the scattering angle.

Transmission Electron Microscopy (TEM) {#sec2.9}
--------------------------------------

TEM experiments were carried out using a Zeiss EM 10 electron microscope (Oberkochen, Germany) at an operating voltage of 60 kV. For the investigation of single particles, diluted dispersions were drop-casted on carbon-coated copper grids followed by drying at room temperature.

Scattering Electron Microscopy (SEM) {#sec2.10}
------------------------------------

SEM measurements were conducted on a Philips XL30 FEG (Philips, Amsterdam, The Netherlands) with accelerating voltages between 5 and 30 kV. The samples were coated with approximately 4 nm Pt/Pd (ratio 80/20) using a Cressington 208HR sputter coater.

Anionic Block Copolymerization of Styrene and 2-Vinylpyridine and End-Group Functionalization (PS~134~-*b*-P2VP~282~-Si(OEt)~3~) {#sec2.11}
--------------------------------------------------------------------------------------------------------------------------------

In an ampule equipped with a stirring bar, 500 mg (4.8 mmol) of styrene was dissolved in 25 mL of dry THF (with dissolved lithium chloride and *sec*-butyllithium) and the solution was cooled to −78 °C. The polymerization was initiated by quick addition of 38 μL of *sec*-buli (0.05 mmol, 1.3 M solution in hexane) using a Hamilton syringe. The solution was stirred for 1 h to ensure complete conversion. After taking an aliquot for SEC measurement, 500 mg (4.8 mmol) of precooled (−20 °C) 2-vinylpyridine was quickly added with a syringe and the reaction was stirred for 1.5 h at −78 °C. To the living chain, 28.7 μL (0.25 mmol) of silicon tetrachloride was added and stirred for 0.5 h and then 373 μL of sodium ethoxide (21% solution, 1 mmol) was added for the conversion to the triethoxysilane end group. We note that for BCP PS~134~-*b*-P2VP~282~-Si(OEt)~3~ the DPE functionalization step was skipped, as there is---compared to the metallopolymer-based BCPs---no necessity.

The generated polymer was precipitated into 10-fold excess of water and subsequently collected by filtration, washed with water, and dried under vacuum. SEC (vs PS) results for the PS precursor were *M*~n~ = 14 000 g/mol, *M*~w~ = 26 700 g/mol, and *Đ* = 1.91; the results for PS-*b*-P2VP-Si(OEt)~3~ were *M*~n~ = 20 500 g/mol, *M*~w~ = 28 500 g/mol, and *Đ* = 1.39.

Anionic Block Copolymerization of 1,1′-Dimethylsilaferrocenophane and 2-Vinylpyridine with End-Group Functionalization (PFS~13~-*b*-P2VP~167~-(SiOEt)~3~) {#sec2.12}
---------------------------------------------------------------------------------------------------------------------------------------------------------

In an ampule equipped with a stirring bar, 200 mg (0.82 mmol) of 1,1′-dimethylsilaferrocenophane was dissolved in 5 mL of dry THF followed by quick addition of 12.5 μL of *n*-BuLi (0.02 mmol, 1.6 M solution in hexane) in a Hamilton syringe. After 3 h of reaction time at room temperature, an aliquot for SEC measurements was taken. 1,1′-Diphenylethylene (14.1 μL, 0.08 mmol) and 5.16 μL (0.04 mmol) of 1,1′-dimethylsilacyclobutane were transferred to the solution. The solution turned to a deep red color. The so-called concept of the carbanion pump was applied to guarantee the efficient block copolymerization of reactivated PFS chains with the DPE moiety followed by the subsequent polymerization of 2VP in the next step.^[@ref47]^ This strategy enables the preparation of well-defined PFS-P2VP-based BCPs.

This macroinitiator was given to a precooled solution of 200 mg (2 mmol) of 2-vinylpyridine in THF at −78 °C. After 2 h, 7.1 μL (0.04 mmol) of 1,1′-diphenylethylene was added and heated to room temperature. After 0.5 h, the solution was cooled to −78 °C again, and 11.5 μL (0.1 mmol) of silicon tetrachloride was added to the living chain and stirred for 0.5 h. Then, 149.3 μL of sodium ethoxide (21% solution, 0.4 mmol) was added for the conversion to the triethoxysilane end group.

The polymer was precipitated into a 10-fold excess of water. The polymer was collected by filtration, washed with water, and dried under vacuum. The SEC (vs PS) results for the PFS precursor were *M*~n~ = 3200 g/mol, *M*~w~ = 4400 g/mol, and *Đ* = 1.37; the results for the PFS-*b*-P2VP-Si(OEt)~3~ were *M*~n~ = 7000 g/mol, *M*~w~ = 15 600 g/mol, and *Đ* = 2.23. The ^1^H NMR results (300 MHz, 300 K, CDCl~3~, chem. shift (δ) in ppm) were 0.56 (s, Si(CH3)2), 1.78--2.34 (m, CH2 and CH, P2VP), 4.01 (m, Cp), 4.21 (m, Cp), 6.35--7.2 (m, arom. protons, P2VP), and 8.09--8.41 (m, NCHC).

Film Preparation {#sec2.13}
----------------

Mesoporous silica films were synthesized via a sol--gel method based on the oxide precursor tetraethyl orthosilicate (TEOS) in the presence of the template PS-*b*-P2VP-Si(OEt)~3~ and PFS-*b*-P2VP-Si(OEt)~3~. The precursor solution was stirred for 24 h and used to produce films using evaporation-induced self-assembly (EISA)^[@ref22]^ on indium tin oxide (ITO)-coated glass, glass, or silicon wafer substrates at 40--50% relative humidity and 298 K with a withdrawal speed of 2 mm/s. The precursor solution was prepared using the following molar ratios: 1 TEOS:0.0005 polymer:40 ethanol:10 water:0.0021 HCl. For the films prepared with PFS-*b*-P2VP-Si(OEt)~3,~ no hydrochloric acid was used.

The furnace program was used until 500 °C was reached to calcite the porous silica completely so that the templates burned out. Freshly deposited films were stored at 50% relative humidity in a chamber for 1 h. Then, a stabilizing thermal treatment was carried out in two successive 1 h steps at 60 and 130 °C. Consecutively, the temperature was increased to 500 °C with a gradient of 1 °C/min. The films were finally stabilized at 500 °C for 2 h.

The furnace program was used until 200 °C was reached when the template should be in the pores after the film was prepared. Freshly deposited films were stored at 50% relative humidity in a chamber for a minimum of 1 h. Then, a stabilizing thermal treatment was carried out in two successive 1 h steps at 60 and 130 °C. The temperature was ramped up from 130 to 200 °C at 1 °C/min. Finally, the films were stabilized at 200 °C for 2 h.

Results and Discussion {#sec3}
======================

To achieve in situ functionalization of mesoporous separation layers, PFS-*b*-P2VP and PS-*b*-P2VP were used as functional templates during mesoporous film preparation with EISA in ethanol. While P2VP as a hydrophilic block offers pH responsiveness, PFS represents the hydrophobic block and implements redox responsivity. Moreover, the metal-containing segment can be selectively removed upon treatment with hydrochloric acid, allowing for free pore volume generation. By this strategy, transport within the P2VP-functionalized mesopores can be facilitated ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).^[@ref48],[@ref49]^ Volume fractions of 30% PFS and 70% P2VP were chosen to gain access to spherical micelles in ethanol.^[@ref50]^ To covalently attach the P2VP block into the mesopore silica wall during film preparation, PFS-*b*-P2VP-Si(OEt)~3~ was prepared using end group capping with silicon tetrachloride and conversion with sodium ethoxide ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Concept of BCP Synthesis as a Template for In Situ Mesopore Functionalization: (a) Synthetic Pathway Leading to PS-*b*-P2VP-Si(OEt)~3~ (4) by Sequential Anionic Polymerization of Styrene and 2-Vinylpyridine Followed by End-Capping and Work-up in the Presence Tetraethoxysilane; (b) Synthetic Strategy Leading to PFS-*b*-P2VP-Si(OEt)~3~ (9) by Sequential Anionic Polymerization of 1,1′-Dimethylsilaferrocenophane and 2-Vinylpyridine Followed by End-Capping and Work-Up with Tetraethoxysilane](la0c00245_0006){#sch1}

Polymer Synthesis and Characterization {#sec3.1}
--------------------------------------

Amphiphilic block copolymers PS-*b*-P2VP-Si(OEt)~3~ and PFS-*b*-P2VP-Si(OEt)~3~ were synthesized by sequential anionic polymerization, as shown in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. To generate the desired triethoxysilane end group, the active polymer chains were treated with tetrachlorosilane followed by conversion with sodium ethoxide. The respective BCPs PS-*b*-P2VP-Si(OEt)~3~ that had molecular weights up to 132 000 g/mol and P2VP contents between 33 and 68 mol % were prepared and characterized by ^1^H NMR spectroscopy and SEC ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf) in the Supporting Information). To further prove the presence of the silane end group model, P2VPs were identically prepared and investigated by using matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS), NMR, and SEC ([Scheme S1 and Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf) in the Supporting Information). A dispersity index value, *Đ*, of 1.08--1.39 was determined, suggesting that a controlled polymerization procedure occurred. The metallopolymer-containing BCPs with P2VP as the second block segment (PFS-*b*-P2VP) and the corresponding end-functionalized diblock copolymer PFS-*b*-P2VP-Si(OEt)~3~ were also prepared by sequential anionic polymerization (cf. [Experimental Section](#sec2){ref-type="other"}). All data on the investigated polymers and BCPs are compiled in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. Molar masses of up to 35 500 g/mol featuring a P2VP content of 80--90 mol % and a dispersity index value of *Đ* = 1.1 were obtained. A rather high P2VP content was chosen to achieve a micellar shape, which is capable of mesoporous film formation using evaporation-induced self-assembly (EISA), as discussed below.^[@ref22]^ The presence of the silane end group is demonstrated by differences in the DSC and ^1^H NMR spectroscopy results, as shown in the Supporting Information ([Figures S1 and S3--S5](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)). Additionally, covalent binding of PFS-*b*-P2VP-Si(OEt)~3~ to planar, dense silica films could be successfully demonstrated, whereas this was not observed during the monitoring of the PFS-*b*-P2VP static contact angle ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf) in the Supporting Information). This indicates successful end-capping of the PFS-*b*-P2VP with the silane anchoring sites. Furthermore, a variation in the pH resulted in Young's contact angle change of approximately 10°, demonstrating pH-induced switching between neutral and positively charged polymers due to protonation of the P2VP block.

###### Overview of All Homopolymers, BCPs, and Functionalized BCPs Synthesized in the Present Study[b](#t1fn2){ref-type="table-fn"}

  polymer                            *M*~n,exp~ (g/mol)[a](#t1fn1){ref-type="table-fn"}   *M*~w,exp~ (g/mol)[a](#t1fn1){ref-type="table-fn"}   *Đ*[a](#t1fn1){ref-type="table-fn"}   *x*~P2VP~ (%)   *w*~P2VP~ (%)   Φ~P2VP~ (%)
  ---------------------------------- ---------------------------------------------------- ---------------------------------------------------- ------------------------------------- --------------- --------------- -------------
  PS~125~                            13 000                                               13 800                                               1.06                                  50.2            50.4            48.2
  PS~125~-*b*-P2VP~125~-Si(OEt)~3~   28 200                                               30 400                                               1.08                                                                  
  PS~834~                            86 900                                               93 500                                               1.08                                  50.0            50.2            47.0
  PS~834~-*b*-P2VP~827~-Si(OEt)~3~   132 100                                              159 700                                              1.21                                                                  
  PFS~77~                            18 600                                               19 200                                               1.04                                                                   
  PFS~77~-b-P2VP~972~                34 600                                               38 200                                               1.1                                   84.6            70.4            72.3
  PFS~77~-*b*-P2VP~989~-Si(OEt)~3~   35 500                                               39 100                                               1.1                                   84.8            70.7            73.6
  PFS~12~                            3000                                                 3400                                                 1.13                                  88.0            77.6            79.2
  PFS~12~-*b*-P2VP~229~-Si(OEt)~3~   20 600                                               21 700                                               1.06                                                                  

Molecular weight and *Đ* determined by SEC in g/mol (PS standards, THF) for the PS precursor and the BCPs. *Đ* values correspond to the BCP. *x*, *w*, and Φ are molar mass, weight, and volume content of the BCP in %, respectively. ^1^H NMR spectroscopy (300 Hz, CDCl~3~) data were used to calculate the composition of the respective BCPs.

Additional BCPs can be found in the Supporting Information ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)).

Polymer Micelle Characterization {#sec3.2}
--------------------------------

To investigate BCP micelle formation, the polymers were dissolved in different solvents, as described in the [Experimental Section](#sec2){ref-type="other"}. The resulting PS~134~-*b*-P2VP~282~-Si(OEt)~3~ and PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ micelles were characterized using DLS and TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). For this purpose, PS~134~-*b*-P2VP~282~-Si(OEt)~3~ was dissolved in THF or ethanol at varying concentrations to analyze the micellar shape using dynamic light scattering ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a) and TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The critical micellar concentration (cmc), which is an important parameter with respect to mesoporous film formation by EISA, was observed to be below the resolution of the DLS apparatus, i.e., it was lower than 0.2 mg/mL. The micelle diameter is dependent on the solvent due to the different selectivity and dissolving power of solvents, resulting in different hydrodynamic volumina of the micelles. Based on the relevant EISA film formation conditions, ethanol or ethanol/THF were investigated as solvents. THF, another well-established EISA solvent, is not suitable for PFS-*b*-P2VP BCPs, as it is a good solvent for both blocks, P2VP and PFS. Whereas ethanol micelle diameters of 38.5 nm (±1 nm) were observed using TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c--e), the addition of 8 vol % THF led to a micelle diameter increase up to 52.5 nm (±0.5 nm) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). This can be explained by the selective interaction of ethanol with the P2VP block resulting in corona swelling, whereas THF is a good solvent for both blocks.

![Concentration-dependent micelle diameter obtained by DLS for the (a) PS~134~-*b*-P2VP~282~-Si(OEt)~3~ and (b) PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ polymers. (c) TEM image of the PS~134~-*b*-P2VP~282~-Si(OEt)~3~ micelles in ethanol. The PS~134~-*b*-P2VP~282~-Si(OEt)~3~ micellar size seems to be independent of the concentration in ethanol, showing a micellar diameter of ∼38.5 nm. (d) Representative TEM images of the PFS~15%~-*b*-P2VP~85%~^7000g/mol^ micelles before ultrasonic treatment in ethanol and (e) representative TEM image of PFS~15%~-*b*-P2VP~85%~^7000g/mol^ micelles after ultrasonic treatment in ethanol showing the cutting of micellar fibers into shorter elongated micelles.](la0c00245_0001){#fig1}

Dissolving the PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ BCP in THF or ethanol with varying concentrations resulted in relatively large diameters ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)) of 188 ± 15 nm in ethanol, probably due to the aggregate formation of spherical or formanisotropic micelles, and very small diameters in THF. The small micelle diameters in THF can be explained by THF being a good solvent for both blocks, giving a hydrodynamic radius of 8.0 ± 0.3 nm for PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ and 8.5 ± 0.3 nm for PFS~12~-*b*-P2VP~229~-Si(OEt)~3~. In addition, the cmc for the PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ BCP seems to be very low and below the lowest measured concentration of 0.0026 wt %. Furthermore, concentration-independent micelle diameters are observed by DLS in ethanol/THF. The absence of cylindrical micelles, which would be expected for this type of block copolymer,^[@ref50]^ can be explained by the sample preparation process containing a filtration (syringe filter) step. Without filtration, cylindrical micelles are clearly present as well ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). These cylindrical micelles can be converted into rodlike micelles with diameters of 20--30 nm and a length of approximately 100 nm using an ultrasonic treatment, which is in agreement with reports by Manners and co-workers. For cylindrical micelle formation, the solvent composition and the volume fraction of the respective BCP segments PFS and P2VP are crucial parameters, as shown earlier.^[@ref50],[@ref51]^

Porous Film Formation {#sec3.3}
---------------------

The obtained BCP micelles were used for the in situ functionalization of nanoscale pores to generate functional pores with controlled transport characteristics within one fabrication step. This process requires well-defined polymers to obtain a homogeneous mesopore size distribution. BCPs with the silane end group can be covalently attached to the silica mesopore wall. Therefore, the end group of the responsive block was chosen to show a comparable reactivity to the silica precursor forming the mesopore wall. It is important to adjust the film preparation temperatures to the BCP stability, which was evaluated by thermal gravimetric analysis (TGA) ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf), Supporting Information). Based on the thermal gravimetric analysis results showing a stable block copolymer up to 300 °C and full degradation at 500 °C (see [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)), a final calcination temperature of 200 °C was chosen. Reference films with a fully removed template were treated up to a final calcination temperature of 500 °C. The resulting film morphology and structure were analyzed by scanning electron microscopy (SEM), transmission electron microscopy (TEM), and ellipsometry ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [S8, and S9](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)). After the removal of the BCP template at 500 °C ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b,d,e and [S10](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)), a mesoporous structure was clearly visible for both types of block copolymer templates. The accessibility and mesoscopic size of this porous structure were indirectly confirmed by cyclic voltammetry ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, [S11, and S12](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)); electrostatic exclusion of negatively charged probe molecules were shown at a basic pH. This indicates pore sizes in the range of the Debye screening length. Interestingly, the dimensions of the observed porous structure did not directly correlate to the observed micellar size ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). This supports observations in the literature of the silica precursor (TEOS) interaction and mixing with the hydrophilic P2VP block, resulting in the much smaller observed mesopore size ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) than the detected micellar size ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref52],[@ref53]^ This interpretation is supported by mesoporous films generated resulting from PFS-*b*-P2VP without silane end groups ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). PFS-*b*-P2VP without an end group revealed similar mesopore structures with comparable pore accessibility to that of PFS-*b*-P2VP-Si(OEt)~3~, as detected by cyclic voltammetry ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf), Supporting Information). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows a mesoporous film templated by PFS~12~-*b*-P2VP~229~-Si(OEt)~3~ treated up to 200 °C that still contained the BCP template within the mesopores that resembled a closed film surface in the TEM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f). This also corresponds to the blocked mesopore accessibility that was observed by cyclic voltammetry ([Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)).

![(a) SEM image of a PS~134~-*b*-P2VP~282~-Si(OEt)~3~-templated silica film after burning the template at 500 °C. (b) SEM image of the silica film prepared with PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ after burning the template at 500 °C. (c) SEM image of a PFS~12~-*b*-P2VP~229~-Si(OEt)~3~-templated silica film with a template that was treated to 200 °C. (d) TEM image of a PFS~13~-*b*-P2VP~167~-Si(OEt)~3~-templated silica film after burning the template at 500 °C. (e) TEM image of a PFS~77~-*b*-P2VP~451~-Si(OEt)~3~-templated silica film after burning the template at 500 °C, showing structural order at the nanoscale. (f) TEM image of a PFS~77~-*b*-P2VP~438~-templated silica film after burning the template at 500 °C.](la0c00245_0002){#fig2}

![(a) Cyclic voltammetry studies (with a scan rate of 100 mV/s) of the molecular transport through PS~134~-*b*-P2VP~282~-Si(OEt)~3~-templated silica thin films using \[Ru(NH~3~)~6~\]^2+/3+^ (red) and \[Fe(CN)~6~\]^3--/4--^ (blue) as ionic redox probes that indicate defect-free nonaccessible films. (b) Cyclic voltammograms recorded in analogy to (a) after PS~134~-*b*-P2VP~282~-Si(OEt)~3~ template calcination at 500 °C that show pH-dependent nanopore accessibility. Electrolyte: 1 mM redox probe and 0.1 M KCl (pH 3 and 9).](la0c00245_0003){#fig3}

Transport into In-Situ-Functionalized Mesopores {#sec3.4}
-----------------------------------------------

The accessibility of the in-situ-functionalized silica films was measured using cyclic voltammetry that monitored the presence of \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3--/4--^ redox probe molecules (0.1 mM) at an electrode located below the functionalized silica film at pH ≤ 3 or pH ≥ 9. At pH ≤ 3, the silica was almost neutrally charged (p*K*~a~ ∼ 2--4),^[@ref54]−[@ref56]^ which should allow access to both probe molecules, resulting in a detectable peak current (*I*~p~). At pH ≥ 9, the silica was negatively charged, which induced the electrostatic exclusion of identically charged \[Fe(CN)~6~\]^3--/4--^ in the case of pore sizes in the range of the Debye screening length; thus, overlapping electric double layers formed. Under these conditions, the countercharged \[Ru(NH~3~)~6~\]^2+/3+^ should be preconcentrated into the mesopores due to electrostatic attraction. In the case of block copolymer-functionalized pores, the film accessibility is additionally dependent on the available free pore volume, wettability, and polymer charge. The p*K*~s~ value of the P2VP was expected to be 4.5.^[@ref57]^ Based on this, a positively charged pore in an acidic solution with a pH value below 4.5, an electrostatic exclusion of \[Ru(NH~3~)~6~\]^2+/3+^ and a preconcentration of \[Fe(CN)~6~\]^3--/4--^ was expected. At basic pH, the pores were expected to be neutral (P2VP) or negatively charged if accessible silanol groups at the pore wall surface still existed. In the case of a neutral and accessible pore identical behavior and comparable peak current densities for both probe molecules would be expected, whereas a negatively charged pore was expected to electrostatically exclude \[Fe(CN)~6~\]^3--/4--^ if the pore size was small enough to preconcentrate the countercharged \[Ru(NH~3~)~6~\]^2+/3+^.

PS~134~-*b*-P2VP~282~-Si(OEt)-Based Films {#sec3.5}
-----------------------------------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the recorded cyclic voltammograms of the PS~134~-*b*-P2VP~282~-Si(OEt)~3~-templated silica film (film thickness 50 nm) before the template removal. Neither \[Ru(NH~3~)~6~\]^2+/3+^ (red) nor \[Fe(CN)~6~\]^3--/4--^ (blue) are able to reach the bottom electrode independent of the applied solution pH; this is indicated by an absent peak current density (*j*~p~) in a defect-free porous film. This is supported by the observed silica pH-dependent ionic permselectivity and the electrostatic exclusion of the \[Fe(CN)~6~\]^3--/4--^ at pH 9 from the nanoscale pores after calcination, which burned out the PS~134~-*b*-P2VP~282~-Si(OEt)~3~ polymer template ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Full electrostatic exclusion with accessible pores at an acidic pH can only be expected for nanoporous films without defects larger than the Debye screening length and pore sizes in the range of the Debye screening length. Only the preconcentration of \[Ru(NH~3~)~6~\]^2+/3+^ (red) at pH 9 was less pronounced than that of the other mesoporous silica materials,^[@ref28],[@ref29],[@ref54],[@ref58],[@ref59]^ which indicates a decreased silanol group density on the surface. This resulted from the high calcination temperature of 500 °C that was applied to remove the PS~134~-*b*-P2VP~282~-Si(OEt)~3~ polymer template. Usually, calcination temperatures of up to 350 °C are used.^[@ref29],[@ref54],[@ref60],[@ref61]^

PFS~13~-*b*-P2VP~167~-Si(OEt)~3~- and PFS~12~-*b*-P2VP~229~-Si(OEt)~3~-Based Films {#sec3.6}
----------------------------------------------------------------------------------

In agreement with above discussed films, template filled pores are inaccessible as well for PFS~13~-b-P2VP~167~-Si(OEt)~3~- templated silica films and show silica nanopore-like, electrostatically controlled pore accessibility after template removal (pH 9, [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)). In accordance with the Randles--Sevcik equation, a linear relation of peak current density vs square root of the scan rate was observed after burning out the PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ and PFS~12~-*b*-P2VP~229~-Si(OEt)~3~ templates for the measured scan rates between 25 and 1000 mV/s ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)), indicating a diffusion-limited transport process.

To prove the selective dissolution of the PFS block at an acidic pH in the presence of HCl, cyclic voltammetry was performed in the absence of probe molecules (100 mM KCl electrolyte). The degradation of the PFS in the mesoporous silica without the use of electrochemistry is shown in [Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf) (Supporting Information) by contact angle measurements.

At basic and neutral pH values, the absence of a peak current indicates the presence of filled pores with intact BCPs. The addition of HCl immediately destroyed the PFS blocks, which resulted in a peak current at −0.6 V, most likely corresponding to PFS fragments ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S16](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf)). This is proof of the presence of PFS inside the silica film, its accessibility to HCl, and the removal of the PFS blocks (see [Figures S14 and S17](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf), Supporting Information). The observed results agree with PFS degradation reported by Manners and co-workers. They reported that Fe--Cp bond cleavage occurred when PFS was oxidized by a minimum of 10% in the presence of nucleophilic species.^[@ref62]−[@ref64]^ After complete PFS block extraction with HCl, the cyclic voltammogram of the remaining film showed pH-dependent accessibility of the \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3--/4--^ probe molecules corresponding to positively charged nanopores at pH ≤ 3 and pH ≥ 9, which resulted from the PVP blocks left in the silica film ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Therefore, the positively charged probe molecule \[Ru(NH~3~)~6~\]^2+/3+^ was electrostatically excluded at pH ≤ 3 as well as at pH 9, but small accessibility (*j*~p~) was still observed, indicating a second P2VP-free path toward the bottom electrode. Additionally, the redox peak potential shifts, which seems to indicate electrostatic attraction, as generally observed for mesoporous silica films.^[@ref54],[@ref65]^ The observed *j*~p~ at pH ≤ 3 was slightly smaller than that observed for \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3--/4--^ at pH ≥ 9, where neutral P2VP was expected. The absence of the preconcentration of \[Ru(NH~3~)~6~\]^2+/3+^ at pH ≥ 9 indicates the absence or inaccessibility of negatively charged SiO groups at the pore wall and a P2VP-controlled transport process. This is supported by the observed significant preconcentration of \[Fe(CN)~6~\]^3--/4--^ at pH ≤ 3, which has a *j*~p~ that is a factor of 22 higher than that at pH ≥ 9. In addition, this *j*~p~ shows a clear preconcentration of \[Fe(CN)~6~\]^3--/4--^ at pH ≤ 3 compared to that for the films after the entire template was burned out. Therefore, only 12 mol % of the polymer template comprised PFS; thus, 85 mol % of the pores were filled with P2VP, which was strongly confined. These results prove successful in situ functionalization and the feasibility of this concept for transport control through nanopores.

![(a) Cyclic voltammetry studies (at a scan rate 100 mV/s) of the molecular transport through the porous silica thin films after PFS cleavage of the PFS~12~-*b*-P2VP~229~-Si(OEt)~3~ template with HCl using \[Ru(NH~3~)~6~\]^2+/3+^ (red) as a cationic redox probe and \[Fe(CN)~6~\]^3--/4--^ (blue) as an anionic redox probe. Electrolyte: 1 mM redox probe and 0.1 M KCl (pH 3 and 9). (b) Peak current density as a function of the square root of the scan rate according to the Randles--Sevcik equation for pH values of 3 (triangle) and 9 (circles) for both probe molecule complexes \[Ru(NH~3~)~6~\]^2+/3+^ (red) and \[Fe(CN)~6~\]^3--/4--^ (blue), showing a linear dependence for the measured scan rates between 0.025 and 1 V/s.](la0c00245_0004){#fig4}

Furthermore, the titration of the pore accessibility revealed a clear pH tuneable transport for \[Fe(CN)~6~\]^3--/4--^ between pH 3 and 6, which corresponds to the p*K*~a~ value of the P2VP and thus a change in the charge density ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). This indicates a broad pH transition, which corresponds to theoretical studies of polyelectrolytes in the spatial confinement of nanopores.^[@ref66]^ A repetition of pH gating over three cycles ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b) showed further activation of the pores based on a slightly increasing *j*~p~ with repeated switching between pH 3 and 9, which might have resulted from the high pore filling with P2VP based on the block copolymer content of 85--88 mol % P2VP. Nevertheless, the general trend of a high \[Fe(CN)~6~\]^3--/4--^ preconcentration at an acidic pH with a positively charged P2VP and a substantially decreased pore accessibility in the presence of neutral P2VP or for positively charged \[Ru(NH~3~)~6~\]^2+/3+^ at a basic and an acidic pH remains.

![(a) Cyclic voltammetry studies (at a scan rate 100 mV/s) of the molecular transport through the porous silica thin films after PFS cleavage of the PFS~13~-*b*-P2VP~167~-Si(OEt)~3~ template with HCl using \[Ru(NH~3~)~6~\]^2+/3+^ (red traces) as a cationic redox probe and \[Fe(CN)~6~\]^3--/4--^ (blue traces) as an anionic redox probe. Electrolyte: 1 mM redox probe and 0.1 M KCl (pH 3--9). (b) Determined peak current plotted against pH values of 3 (light color) and 9 (dark color) for both probe molecule complexes \[Ru(NH~3~)~6~\]^2+/3+^ and \[Fe(CN)~6~\]^3--/4--^ to show the PFS cleavage.](la0c00245_0005){#fig5}

Conclusions {#sec4}
===========

In summary, a series of functional block copolymers of styrene and 2-vinylpyridine as well as 1,1′-dimethylsilaferrocenophane and 2-vinylpyridine with a triethoxysilane end group each were synthesized. Micelle formation resulted in BCP spheres or cylinders in ethanol/THF depending on the BCP composition. The subsequent application as a functional template rendered in-situ-functionalized mesoporous silica films with interesting transport properties. Functional template-filled pores were hydrophobic and inaccessible for small ions. The redox-mediated degradation of the PFS block segment resulted in P2VP-functionalized mesopores with pH-responsive transport properties. The calcination at 500 °C formed empty mesopores with mesopore transport characteristics that were controlled by the silanol groups.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00245](https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00245?goto=supporting-info).End group synthesis; thermogravimetric characterization of block copolymers; film morphology; PFS removal; and peak current shift of CV in mesoporous films ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.0c00245/suppl_file/la0c00245_si_002.pdf))
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